Nonstructural protein 3 (Nsp3) is an essential subunit of the alphavirus RNA replication complex, although its specific function(s) has yet to be well defined. Previously, it has been shown that Semliki Forest virus Nsp3 (482 amino acids) is a phosphoprotein, and, in the present study, we have mapped its major phosphorylation sites. Mass spectrometric methods utilized included precursor ion scanning, matrix-assisted laser desorption/ ionization mass spectrometry used in conjunction with on-target alkaline phosphatase digestions, and tandem mass spectrometry. Two-dimensional peptide mapping was applied to separate tryptic 32 P-labeled phosphopeptides of Nsp3. Radiolabeled peptides were then subjected to Edman sequencing, and phosphoamino acid analysis. In addition, radiolabeled Nsp3 was cleaved successively with cyanogen bromide and trypsin, and microscale iron-chelate affinity chromatography was used to enrich phosphopeptides. By combining these methods, we showed that Nsp3 is phosphorylated on serine residues 320, 327, 332, 335, 356, 359, 362, and 367, and is heavily phosphorylated on peptide Gly 338 -Lys 415 , which carries 7-12 phosphates distributed over its 13 potential phosphorylation sites. These analytical findings were corroborated by constructing a Nsp3 derivative devoid of phosphorylation. The results represent the first determination of phosphorylation sites of an alphavirus nonstructural protein, but the approach can be utilized in phosphoprotein analysis in general.
Nonstructural protein 3 (Nsp3) is an essential subunit of the alphavirus RNA replication complex, although its specific function(s) has yet to be well defined. Previously, it has been shown that Semliki Forest virus Nsp3 (482 amino acids) is a phosphoprotein, and, in the present study, we have mapped its major phosphorylation sites. Mass spectrometric methods utilized included precursor ion scanning, matrix-assisted laser desorption/ ionization mass spectrometry used in conjunction with on-target alkaline phosphatase digestions, and tandem mass spectrometry. Two-dimensional peptide mapping was applied to separate tryptic 32 P-labeled phosphopeptides of Nsp3. Radiolabeled peptides were then subjected to Edman sequencing, and phosphoamino acid analysis. In addition, radiolabeled Nsp3 was cleaved successively with cyanogen bromide and trypsin, and microscale iron-chelate affinity chromatography was used to enrich phosphopeptides. By combining these methods, we showed that Nsp3 is phosphorylated on serine residues 320, 327, 332, 335, 356, 359, 362, and 367, and is heavily phosphorylated on peptide Gly 338 -Lys 415 , which carries 7-12 phosphates distributed over its 13 potential phosphorylation sites. These analytical findings were corroborated by constructing a Nsp3 derivative devoid of phosphorylation. The results represent the first determination of phosphorylation sites of an alphavirus nonstructural protein, but the approach can be utilized in phosphoprotein analysis in general.
The phosphorylation and dephosphorylation of proteins play a crucial role in the regulation of many cellular processes. In viral systems, the phosphorylation of specific proteins modulates virus replication and virus-host interactions (1) . For example, the phosphorylation of the P protein in several negativestrand RNA viruses has been found to be essential for the viral transcription activity (2, 3) .
Alphaviruses, such as Semliki Forest virus (SFV), 1 Sindbis virus (SIN), and Venezuelan equine encephalitis virus, are enveloped positive-strand RNA viruses capable of causing disease in mammals including man. The RNA genome of SFV (total length ϳ11.5 kilobases) codes for two polyproteins, nonstructural and structural. The nonstructural polyprotein (P1234), is autoproteolytically cleaved into the four nonstructural proteins Nsp1-Nsp4 (reviewed in Refs. 4 and 5) . Recently, studies have shown that SFV Nsp1 has nucleotide methylation and viral mRNA capping functions (6, 7) . Nsp2 was found to be the autoprotease responsible for the cleavage of the nonstructural polyprotein (8) , an RNA helicase (9) , and an RNA triphosphatase (10) . As for Nsp4, protein sequence homology with other viral proteins of known function suggests that Nsp4 is the catalytic subunit of the SFV RNA-dependent RNA polymerase (11) . Whereas functions have been determined for the other nonstructural proteins, the function of Nsp3 remains poorly characterized. Studies of SIN polyprotein processing intermediates containing Nsp3 have shown that it is essential for the synthesis of negative-strands during the early phase of RNA replication (12, 13) . In addition, SIN Nsp3 has been reported to putatively affect the synthesis of subgenomic mRNA encoding the virus structural proteins (14, 15) . Amino acid sequence comparisons suggest that N-terminal regions of alphavirus Nsp3s are highly conserved sharing significant similarity with rubella virus, hepatitis virus E, and coronavirus sequences (16) . Furthermore, a recent genomic analysis has revealed that sequences related to the Nsp3 Nterminal domain are widely found in bacteria, animals, and plants (17) . The conservation of this region during evolution suggests an important and basic function for this domain, which for the moment remains unclear. In contrast, the Cterminal region of Nsp3 is not conserved among alphaviruses and varies both in sequence and in length from 134 aa in Middelburg virus to 246 aa in O'nyong-nyong virus (5). However, some similarities do exist in the C-terminal domains of alphaviruses, e.g. all are rich in acidic residues, as well as in serine and threonine, and devoid of any predicted secondary structure. It appears that Nsp3 is the only alphavirus nonstructural protein, which is modified by phosphorylation (18, 19) . Phosphoamino acid analysis of SFV Nsp3 (total of 482 aa) showed that serine and threonine residues are phosphorylated in the approximate ratio of 2:1 (18), but the exact positions of phosphorylated Nsp3 residues have not been reported. The identification of phosphorylation sites in Nsp3 is important for a number of reasons including: determining whether Nsp3 phosphorylation sites are constant or changed during virus evolution, mapping potential changes in phosphorylation pat-terns during alphavirus infection in different tissues, and determining potential phosphorylation sites for future mutagenesis studies. Furthermore, because information regarding phosphorylation sites in SFV Nsp3 represents the first systematic mapping of such sites in alphaviruses, it would represent a model for other related pathogenic viruses.
Detailed characterization of protein phosphorylation is hampered by the low amount of material available for analysis, and by the fact that the stoichiometry of protein phosphorylation is often very low, i.e. the phosphopeptides exist as a minor fraction in a large background of unphosphorylated peptides. Advances in ionization methodologies (electrospray and matrixassisted laser desorption/ionization (MALDI)) have made biological mass spectrometry effective and sensitive enough for studying posttranslational protein modifications (20, 21) . Recently, mass spectrometric methods for phosphorylation analysis after SDS-PAGE separation have been described (22, 23) . Although mass spectrometry has become a very efficient tool in the identification of phosphopeptides, problems still remain. For example, when a peptide contains multiple phosphates and many potential phosphorylation sites, the site-specific identification of phosphorylated residues is often limited by the fact that multiply phosphorylated peptides are likely to produce very complex collision-induced decomposition (CID) spectra, or ionize poorly in the positive ion mode. SFV Nsp3 is a challenging molecule for phosphorylation studies, since it has relatively high number of potential phosphorylation sites (39 Ser and 35 Thr residues), and the protein is somewhat resistant to enzymatic cleavage. However, by using the mass spectrometric methods along with two-dimensional phosphopeptide mapping and Edman sequencing, we were able to map the major, if not all, phosphorylation sites of Nsp3. Based on these results, we constructed a deletion/point mutation derivative of Nsp3, which could not be phosphorylated as judged by loss of 32 P incorporation, thus further supporting the validity of phosphorylation site analysis.
EXPERIMENTAL PROCEDURES
Plasmid Construction-Deletion and point mutations were made in the NSP3 coding region, which was originally cloned into plasmid pTSF3 under the control of the T7 promoter (24) . A deletion mutant, which had amino acids between 342 and 369 of Nsp3 removed, was made using PCR with the following primers: 1, 5Ј-CTCAAGCTTATG-CACCCGCGCGGCCTAGTCG-3Ј; 2, 5Ј-ATCACCATGGCACCATCCTA-CAGAGTTAAG-3Ј; 3, 5Ј-TCGTAGTCCAAGTCAAACCCTCGTAACGA-CCGATC-3Ј; 4, 5Ј-TGGACTACGAGCCAATGGCTCCCATAGTAGTGA-CGG-3Ј. The PCR products were purified and used as templates in a second round of PCR with primers 2 and 4. Serine residues 320, 327, 332, and 335 were mutated to alanine by using a site-directed mutagenesis kit (U.S.E. kit, Amersham Pharmacia Biotech) according to the manufacturer's instructions. A Nsp3 mutant containing both the 343-368 deletion and the four point mutations was designated Nsp3⌬26ϩ4S34A. All sequence alterations were verified by DNA sequencing.
Expression and Metabolic Labeling in HeLa Cells-HeLa cell monolayers were grown in Dulbecco's modified minimal essential medium supplemented with 10% heat-inactivated fetal calf serum, and 100 units/ml streptomycin and penicillin. The modified vaccinia virus Ankara was kindly provided by Dr. B. Moss (National Institutes of Health, Bethesda, MD), and virus stocks were made as described previously (25) . HeLa cell dishes that were 80 -90% confluent were infected with virus using 20 -50 plaque-forming units/cell. After a 45-min adsorption period, the cells were washed, and transfected using Opti-MEM (Life Technologies, Inc.), the pTSF3 plasmid or its derivatives, and Lipofectin (Life Technologies, Inc.). Transfection mixtures of 7 g of DNA in 12 l of Lipofectin, and 10 g of DNA in 50 l of Lipofectin were used for 60-and 100-mm plates, respectively. After 3-4 h, the transfection mixture was replaced with medium containing 0.2% bovine serum albumin. Cells were then incubated for 1-3 h at 37°C. For in vivo labeling, transfected cells were washed twice at 2 h after transfection with Dulbecco's medium containing 0.2% bovine serum albumin, after which methione/cysteine-free or phosphate-free medium was added. Cells were labeled at 3 h after transfection either with 150 Ci of [
35 S]methionine/cysteine (Ͼ1000 Ci/mmol, Redivue PRO-mix, Amersham Pharmacia Biotech) or with 300 -1000 Ci of carrier-free [ 32 P]orthophosphate (10 mCi/ml, Amersham Pharmacia Biotech) per plate. After 3-5 h at 37°C, cells were washed carefully, harvested, and lysed in 1% SDS.
Immunoprecipitation, SDS-PAGE, and Immunoblotting-HeLa cells were lysed in phosphate-buffered saline containing 1% SDS, 10 mM sodium fluoride (Merck), and a protease inhibitor mixture at a recommended concentration (Complete; Roche Molecular Biochemicals). After shearing the DNA by drawing the lysate repeatedly through a 27-gauge needle, the proteins were denatured by boiling, and Nsp3 was immunoprecipitated with anti-Nsp3 rabbit antiserum, as described previously (18) . Proteins were separated in 10% SDS-PAGE gels, and electrotransferred to nitrocellulose (Hybond-C Extra, Amersham Pharmacia Biotech) or polyvinylidene difluoride membrane (PVDF; Immobilon, Millipore) as described previously (6) . For phosphopeptide mapping analysis, samples were alkylated in 10 mM dithiothreitol, 3 mM EDTA, and 20 mM iodoacetamide for 15 min prior to separation by SDS-PAGE. Radiolabeled proteins were detected by using an imaging system (Fuji BAS 1500).
In-gel Digestion of Nsp3 for ESI-MS Analysis-Immunoprecipitated Nsp3 was resolved by 10% SDS-PAGE and detected by Coomassie Blue staining. The Nsp3 band, corresponding to approximately 1 g of protein (20 pmol), was excised and destained by rinsing the gel pieces twice in 0.1 M NH 4 HCO 3 in 50% acetonitrile (ACN) for 45 min at 37°C. Gel pieces were then dehydrated with 100% ACN and vacuum-dried. Gel pieces were rehydrated in 10 l of 0.1 M NH 4 HCO 3 , 10% ACN containing 40 ng/l trypsin (modified trypsin, sequencing grade, Promega). The trypsin digestion was performed overnight. The samples were desalted by miniature reversed-phase chromatography column as described previously (22) using POROS R2 (Perseptive Biosystems) as absorbent. The sample was eluted with 2 l of 0.5% ammonia in 50% methanol directly to the nanoelectrospray needle.
Cyanogen Bromide Degradation in SDS-PAGEs-Approximately 5 g (100 pmol) of 32 P-labeled Nsp3 was obtained from a dried gel piece, as described above. Cleavage with cyanogen bromide (CNBr) was performed with 5 mg/ml CNBr in 70% trifluoroacetic acid in the dark for 18 h at room temperature. The peptides were extracted once with 150 l of aqueous 50% ACN for 30 min at 37°C, and twice with 150 l of 5% formic acid in 50% ACN for 45 min at 37°C. The supernatants were combined and lyophilized. To reduce the amount of CNBr in samples before reversed-phase HPLC, samples were dissolved in 100 l of deionized water, and lyophilized. This treatment was repeated three times. The peptides were dissolved in 1% trifluoroacetic acid and applied to 37°C reversed-phase HPLC.
Separation of CNBr Fragments by Reversed-phase HPLC-Peptides resulting from CNBr digestion were separated by reversed-phase HPLC on a 1 ϫ 20-mm C-1 column (TMS-C1, 300 Å, 5 m; Tosoh Corp.) by elution with a linear gradient of acetonitrile (5-100% in 60 min) in 0.1% trifluoroacetic acid. Chromatography was performed at a flow rate of 50 l/min, and the elution was monitored by UV absorbance at 214 nm. Fractions were taken at 1-min intervals, and 0.3-l aliquots were spotted on a PVDF membrane, air-dried, and analyzed for 32 P radioactivity by phosphoimaging.
Trypsin Digestion of CNBr Fragments-After reversed phase chromatography of CNBr-digested Nsp3, fractions containing radioactivity were combined into three pools corresponding to their elution time from the C-1 column. Pool 1 contained early eluting radioactive fractions, pool 2 middle eluting fractions, and pool 3 consisted of late eluting components. Each pool was lyophilized and dissolved in 50 l of digestion buffer (0.1 M NH 4 HCO 3 in 10% ACN) containing 0.05 g/l trypsin. The digestion was performed at 37°C for 18 h, after which fractions were lyophilized and dissolved into 10 l of 1% trifluoroacetic acid. Half of each trypsin-digested pool was subjected to separation by reversedphase HPLC on a 0.3 ϫ 20-mm C-8 column (Vydac C8, 300 Å, 9 m). Peptides were eluted with a linear gradient of ACN (5-100% in 60 min) in 0.1% trifluoroacetic acid at a flow rate of 5 l/min, and elution was monitored by UV absorbance at 206 nm. Fractions were collected every 2 min, and radioactive fractions were identified by phosphoimaging.
Immobilized Metal Chelate Affinity Chromatography-To enrich for phosphorylated peptides, tryptic peptides made from CNBr-digested Nsp3 were applied to a miniature Fe 3ϩ column consisting of 0.5 l of POROS MC (Perseptive Biosystems) packed into a gel-loader pipette tip. The column was equilibrated with 30 l of equilibration buffer (2:1 v/v mixture of 0.1 M ammonium acetate, pH 3.1, and acetonitrile). One microliter of tryptic/CNBr-digested peptides from all three pools were combined, which represented 10% of the total sample and 10 pmol of Nsp3 protein starting material, diluted 1:10 in equilibration buffer, and passed through the column. The column was washed with 20 l of equilibration buffer, and washed again with 20 l of equilibration buffer diluted 1:10 in H 2 O. Peptides were eluted with 5 l of 0.5% ammonia in 50% methanol and directly applied to the MALDI target plate, as 1-l fractions.
On-target Alkaline Phosphatase Treatment-After MALDI-time-offlight (TOF) mass analysis of fractions from Fe 3ϩ -chromatography, in both positive and negative ion mode, the samples (prepared on the MALDI target plate with 2,4,6-trihydroxyacetophenone (THAP) matrix, as described below) were dissolved in 0.5 l of 50 mM NH 4 HCO 3 , pH 8.9, containing 0.01 units of calf intestinal alkaline phosphatase (CIP, New England Biolabs). Samples were then incubated for 2 h at 37°C in a high humidity chamber to prevent drying. Dephosphorylation was stopped by the addition of 0.5 l of ACN, and samples were immediately dried in vacuo to allow for proper crystallization of the matrix.
Mass Spectrometry-MALDI-TOF mass spectrometry was performed on a Biflex time-of-flight instrument (Bruker-Franzen Analytik, Bremen, Germany) equipped with a nitrogen laser operating at 337 nm. The Fe 3ϩ -affinity chromatography fractions, as well as products from the phosphatase reactions were analyzed both in the linear negative ion delayed extraction mode, and reflector positive ion delayed extraction mode, using THAP, 3 mg/ml in acetonitrile with 20 mM aqueous diammonium citrate, 1:1, by volume, as the matrix. Samples were prepared as described previously (26), and all mass spectra were externally calibrated with angiotensin II and adrenocorticotropic hormone corticotropin-like intermediate peptide.
The Nsp3 phosphopeptides isolated by reversed phase chromatography were analyzed in the reflector positive ion delayed extraction mode using an ␣-cyano-4-hydroxycinnamic acid saturated solution in 0.1% trifluoroacetic acid and 30% acetonitrile as the matrix. Samples were prepared by mixing 0.5 l of eluate with 0.5 l of ␣-cyano-4-hydroxycinnamic acid matrix on the target plate, and dried under a gentle stream of warm air. Mass spectra were calibrated as above.
Electrospray ionization (ESI) precursor ion scan mass spectra were obtained using an API 365 triple quadrupole mass spectrometer (PESciex, Ontario, Canada) with a nanoelectrospray source installed. Q1 scans were acquired with 0.1-Da step width and a dwell time of 1 ms, at 1-unit resolution. Precursor ion scans were acquired with a step width of 0.5 Da, and a dwell time of 50 ms. The resolution was set to transmit a mass window of 4 Da, the collision gas used was nitrogen, and the collision energy was set to 150 V.
Electrospray ionization product ion mass spectra were collected using a Micromass Q-TOF quadrupole/time-of-flight hybrid mass spectrometer (Micromass, Manchester, United Kingdom) with a nanoelectrospray source installed. Product ion scans were acquired with a Q1 resolution set to transmit a mass window of 5 Da. The doubly charged parent ions [M ϩ 2H] 2ϩ were selectively transmitted by the first mass analyzer and directed into the collision cell containing argon as the collision gas. Collision energies were adjusted for each experiment individually.
Tryptic Phosphopeptide Mapping-32 P-Labeled Nsp3 or its derivatives were immunoprecipitated, resolved by SDS-PAGE, and blotted either onto nitrocellulose or PVDF membrane. PVDF membrane was dried prior to detection by phosphoimaging, but the nitrocellulose membrane was kept moist during the localization of the bands by placing it into a plastic bag. The membrane pieces were excised and saturated with 0.5% polyvinylpyrrolidone 360 at 37°C for 1 h. The membrane pieces were washed several times with 10% ACN, and the protein was digested with trypsin in 50 mM NH 4 HCO 3 in 10% ACN. After overnight incubation at 37°C, the buffer was evaporated by several rounds of lyophilization, and the tryptic peptide mixture was dissolved in 5 l of 128 mM ammonium carbonate buffer, pH 8.9, and the entire sample was spotted onto a 20 ϫ 20-cm cellulose thin layer chromatography (TLC) plate. The first dimension, thin layer electrophoresis (TLE), was performed at 1.0 kV for 24 min in the same buffer. The plate was then air-dried overnight, after which ascending chromatography was performed in n-butyl alcohol:pyridine:acetic acid:water at 15:10:3:12, v/v/ v/v. The plate was air-dried, and phosphopeptides were detected by phosphoimaging.
Edman Sequencing-Phosphopeptides localized on TLC plates were recovered from the plate by elution with a solution of formic acid, acetic acid, water, 25:78:897 v/v/v, pH 1.9. The 32 P content of each sample was determined by Cerenkov counting. One-tenth of each sample volume was analyzed by phosphoamino acid analysis, and rest of each sample was subjected to Edman degradation as described by Blume-Jensen et al. (27) . Peptides were coupled to Sequelon-AA membranes, and Edman degradation was performed on an ABI sequencer model 477A. Released phenylthiohydantoin amino acid derivatives from each cycle were spotted on TLC plates, and the radioactivity was quantified by digital imaging after the subtraction of background.
RESULTS

Identification of Phosphopeptides in Tryptic Peptides from
Nsp3-Since only a small amount of Nsp3 is synthesized in cells during SFV infection, we used vaccinia-aided transfection to produce sufficient quantities of Nsp3 for phosphorylation analysis. HeLa cells were first infected with the modified vaccinia virus Ankara, which has been engineered to express T7 RNA polymerase (25) . Infected cells were then transfected with a plasmid encoding SFV Nsp3 under the control of the T7 promoter. Nsp3 was isolated from cell lysates by immunoprecipitation, liberated from the immunoprecipitation affinity matrix by boiling in Laemmli sample buffer, and further purified by SDS-PAGE. The Nsp3 band visualized on the gel was subjected to in-gel digestion with trypsin. Tryptic peptides were extracted from the gel and desalted using microscale reversedphase chromatography. Peptide mixtures were eluted directly into a nanospray needle and subjected to mass analysis using a triple quadrupole instrument, which provides high sensitivity for precursor ion scanning. The Q 1 scan displayed in Fig. 1A was acquired in the negative ion mode, and it shows a distribution of several signals, indicating good recovery of peptides. A precursor ion scan of m/z (mass/charge) 79 in the negative ion mode is displayed in Fig. 1B . This peptide appears to carry 7-12 phosphates distributed over its 13 potential phosphorylation sites. This assignment was confirmed by double-digestion data as well as site-specific mutation data, as shown below. In (Fig. 1B) . Using CID analysis, the peptide produced a clear Y-ion series, which allowed for both the identification of the peptide as Val 308 -Arg 322 with one phosphate moiety, and the assignment of phosphorylation at Ser 320 . An expansion of region 450 -650 (Fig. 1C) , and it also showed Ser 320 to be phosphorylated (data not shown). At this point it was evident that the other phosphopeptides observed in the precursor ion scan could not be further analyzed by mass spectrometry alone (see "Discussion"). Double Digestion of Nsp3 by CNBr and Trypsin-As suggested by the precursor ion scan experiment carried out on the tryptic digest of Nsp3, peptide Gly 338 -Lys 415 carries 7-12 phosphates, and has a calculated molecular weight between 8838 and 9238 Da. Such large peptide was not amenable to sitespecific phosphorylation analysis by mass spectrometry, so in order to reduce the size of this peptide (which contains two methionines), 5 g (100 pmol) of 32 P-labeled Nsp3 was digested in-gel with CNBr, and the resulting peptides were separated by reversed phase chromatography (Fig. 2A) . Fractions were collected at 1-min intervals, and 0.3 l of each fraction was spotted to PVDF membrane for autoradiography (Fig. 2A) . The resulting peptides were pooled into three pools according to the elution of radioactivity, and each pool was digested with trypsin. After trypsin digestion, an aliquot of each pool, corresponding to 50 pmol of Nsp3, was separated by microscale RP chromatography, and again fractions were collected, with part of each fraction being subjected to autoradiography. Radioactive fractions were then analyzed by MALDI-TOF mass spectrometry in both positive and negative ion modes in order to identify phosphopeptide candidates. From RP chromatography done on pool 1 (Fig. 2B) ϩ (monoisotopic mass), which is the smallest species in this series, was chosen for CID MS analysis, because it would most likely produce the least complex CID MS spectrum compared with other more phosphorylated peptides. A product ion scan of 969.9 [M ϩ 2H] 2ϩ was acquired using a quadrupole-time-offlight instrument, and upon CID the peptide produced a mixed y-and b-ion series, which together identified the peptide as Ser 356 -Met 372 . The methione at position 372 was found to be in the open homoserine form (not as in lactone form). This molecular species did not contain phosphates, and it was found to carry an acrylamide adduct on residue Cys 363 (Cys-propionamide), which is a frequent modification introduced to proteins during SDS-PAGE. 
Enrichment of Phosphopeptides by Fe 3ϩ -immobilized Metal Chelate Affinity Chromatography Followed by MALDI Mass
Analysis and On-target Alkaline Phosphatase Treatment-To facilitate the identification of phosphopeptides, Fe
3ϩ -immobilized metal chelate affinity chromatography was used for enrichment of phosphopeptides before MALDI mass analysis. An aliquot of CNBr-trypsin double-digested peptide mixture was passed through a miniature Fe 3ϩ -charged POROS MC column, washed and eluted directly onto a MALDI target plate. The eluate was dried under a stream of warm air, dissolved into 1 l of THAP matrix solution, and rapidly crystallized under vacuum. The sample was analyzed both in the linear negativeion mode for maximum sensitivity for phosphopeptides, and reflector positive-ion mode for maximum mass accuracy. The crystallized sample was then dissolved and dephosphorylated on the MALDI target plate. After dephosphorylation, the matrix was re-crystallized and subjected to MALDI-TOF mass analysis. Comparison of the mass spectra recorded in the linear negative ion mode before (Fig. 3, A and C) and after dephosphorylation (Fig. 3, B and D) revealed several signals attributable to putative phosphopeptides. Signals (Fig. 3A) (Fig.  3B) . However, no signal corresponding to fully dephosphorylated forms of these peptides could be observed after CIP treatment. This was possibly due to the basic nature of the peptide after dephosphorylation and/or increased salt content of the sample after dephosphorylation. However, a signal at 1706.0 was observed prior and after to CIP treatment, which may be a non-phosphorylated peptide Tyr 324 -Arg 337 retained by the Fe 3ϩ column, or an unrelated signal having the same m/z value. Because of these results, assignment of the signals cannot be conclusively made, but further analyses by the phosphopeptide mapping and Edman sequencing confirmed phosphorylation within Tyr 324 -Arg 337 (see below). It should be noted that the phosphorylation sites within this sequence could be only determined by using Edman sequencing. Signals at m/z 2097.7, 2177.9, and 2257.9 were suggestive of a multiphosphorylated peptide, which, however, could not be assigned directly to any peptide of Nsp3. Based on the observations that a similar series of signals were present in the chromatography fractions presented in Fig. 2 Ϫ , appeared, the former representing the fully dephosphorylated peptide and the latter representing a partially dephosphorylated peptide still carrying one phosphate.
Phosphopeptide Mapping of Nsp3 and Its Derivatives-To obtain overall picture of the phosphorylation sites in Nsp3, and to confirm the findings obtained by other methods, Nsp3 and two engineered mutants were analyzed by phosphopeptide mapping. Nsp3 and its mutant forms were labeled with [ 32 P]orthophosphate, immunoprecipitated, and then resolved by SDS-PAGE. Proteins were electrotransferred to nitrocellulose or PVDF membrane, and membrane pieces that contained Nsp3 were excised and subjected to tryptic digestion. Peptides liberated by the digestion were analyzed for radioactive phosphate by TLE/TLC mapping. This analysis revealed three major tryptic phosphopeptides, which are displayed in Fig. 4A as  spots labeled a, b , and c. Phosphopeptides a and b in Fig. 4A represent about 15% and 2%, respectively, of the total signal as quantified by phosphoimaging. According to phosphoamino acid analysis, phosphopeptide c (Fig. 4A) was the only peptide containing phosphothreonine (about 25% of total phosphate for c), while the other peptides, a and b in Fig. 4A , and d and e in Fig. 4B , contained only phosphoserines (data not shown). Furthermore, the spot representing phosphopeptide c migrated very slowly in the second dimension, which was probably due to its relatively large size (78 aa). Peptide spot c was reproducibly diffuse, which was most likely caused by heterogeneous phosphorylation. When Nsp3 was digested on PVDF membrane, phosphopeptide mapping revealed the same peptides spots a and b, as seen when nitrocellulose membrane was used, but peptide spot c appeared not to have been eluted from the PVDF membrane (Fig. 4B) . In contrast, PVDF membrane appeared to release three other phosphopeptides, spots d, e, and f, which were most likely concealed by peptide c in Fig. 4A . Nsp3 double mutant, Thr 344 3 Ala/Thr 345 3 Ala showed a peptide-mapping pattern similar to wt Nsp3, except for peptide spot c, which appeared somewhat shifted in position (Fig. 4C) . Since Ser 320 was identified to be a phosphorylation site using CID MS (Fig.  1C) , Nsp3 mutant Ser 320 3 Ala was also analyzed by phosphopeptide mapping in an attempt to identify the phosphopeptide(s) that might contain this phosphorylation site. As shown in Fig. 4D , this mutation appeared to completely lack the phosphopeptide representing spot a, compared with wt Nsp3 analyzed in Fig. 4B . This was consistent with the interpretation that phosphopeptide a was a tryptic peptide, Val 308 -Pro 321 , which included the serine at position 320. Previously, Perä nen et al. (18) showed that Nsp3 is phosphorylated at serines and threonines, in a ratio of approximately 2 to 1 in SFV-infected baby hamster kidney cells. In contrast, when HeLa cells are transfected with Nsp3, the ratio between phosphorylated serines and threonines appeared to be higher (approximately 6 to 1; data not shown). To study whether the phosphorylation sites utilized during SFV infection of BHK cells and Nsp3 transfection of HeLa cells were similar, phosphopeptide maps were made using these two conditions. 32 PLabeled Nsp3 derived from SFV infection was treated as described above and analyzed by two-dimensional mapping. As can be seen in Fig. 4 (E and F) , Nsp3 from infected BHK cells showed a similar pattern of phosphopeptides compared with transfected HeLa cells. Although this suggests that both cell types and expression modes utilize similar Nsp3 phosphorylation sites, there are reproducible differences in the relative amount of the phosphopeptides (Fig. 4, E and F) , which may reflect the differences in serine to threonine phosphorylation ratios.
Edman Sequencing-From TLC plates, phosphopeptides a through g (Fig. 4, A and B) were extracted for Edman sequencing. In the case of phosphopeptide c, only a small sample was taken from the center of the spot and used for further analysis. This precaution was taken to avoid contamination from other phosphopeptides, which may be masked by this diffuse spot. Edman sequencing was performed using an automated sequencer, and released amino acid derivatives were quantified by phosphoimaging. The interpretation of the results for phosphopeptides a, b, d, and e was unambiguous. As already concluded from point mutational analysis, and verified by Edman sequencing, phosphopeptide a was tryptic peptide Val 308 -Arg 322 , and was phosphorylated at Ser 320 (Fig. 5A) . Phosphopeptide b was tripeptide Ser 335 -Arg 337 , which was phosphorylated at Ser 335 (Fig. 5B) . Phosphopeptides d and e appeared to be the same tryptic peptide, Tyr 324 -Arg 334 , with or without Lys 323 , respectively (Fig. 5, C and D) , and both showed that Ser 327 was phosphorylated. Although the relative amount of 32 P in spot c, which was analyzed by Cerenkov counting, was similar to amounts in spot a, analysis of sample c showed a significant reduction in signal generated by Edman sequencing (Fig. 5C) . Putatively, phosphopeptide c was tryptic peptide Gly 338 -Lys 415 . This relatively long peptide (78 aa) contained 13 potential phosphorylation sites (8 serines and 5 threonines) and carried from 7 up to 12 phosphates, as evidenced by precursor ion scanning. In addition, this peptide also had a combined total of 15 aspartatic acid and glutamic acid residues, which can covalently attach to Sequelon-AA membranes. Thus, Edman sequencing of this kind of peptide is not likely to produce informative data (see "Discussion"). Phosphopeptides f and g seen in Fig. 4 (E and F) could be observed in all the maps; however, their 32 P content was too low for further analyses (Fig. 4, B-D) .
Generation of a Non-phosphorylated Nsp3 Mutant-Based on mass spectrometric, phosphopeptide mapping, and point mutational analysis of Nsp3, phosphorylation sites were demonstrated at serines 320, 327, 332, and 335. From 7 up to 12 potential phosphorylation sites are suggested in peptide Gly 338 -Lys 415 , which has a total of 8 serines and 5 threonines. In an effort to better illuminate the phosphorylation sites in peptide Gly 338 -Lys 415 , a 26-aa deletion mutant was made that removed residues 343-368. This mutant removed 12 of the 13 potential phosphorylation sites in peptide Gly 338 -Lys
415
, while maintaining highly conserved residues such as Tyr 324 . Remaining phosphorylation sites at serines 320, 327, 332, and 335 were then point mutated to alanines, and the final Nsp3 mutant, Nsp3⌬26ϩ4S34A, was expressed in HeLa cells. Nsp3⌬26ϩ4S34A or wt Nsp3 were labeled with [
35 S]methionine/cysteine, immunoprecipitated, and subjected to SDS-PAGE (Fig. 6, lanes 1 and 2, respectively) . As can be seen in Fig. 6 , the mobility of Nsp3⌬26ϩ4S34A (lane 1) appeared slightly faster than the wt Nsp3 (lane 2), and would be indicative of the 26-aa deletion. Although the mutant protein was smaller than the wt Nsp3 protein, the mutations did not appear to have any obvious effects on expression levels as compared with wt Nsp3 protein. This may suggest that the mutant form is as stable in vivo as wt Nsp3 protein. Fig. 6 415 carried from 7 up to 12 phosphates, its relatively large size (78 aa) and extensive phosphorylation did not make it amenable to further structural analysis by mass spectrometric methods. Such a peptide creates problems, which fall into two categories: 1) the peptide is too heavily phosphorylated to be ionized in the positive ion mode, which is a prerequisite for performing CID MS analysis; and 2) the peptide is far too large to yield an informative fragmentation pattern. In addition, peptide Gly 338 -Lys 415 was impossible to effectively analyze by Edman degradation sequencing. For Edman degradation, the peptide of interest is covalently attached to an arylamine membrane via its carboxyl groups (as well from carboxyl end as Asp and Glu residues). The peptide is attached to the membrane via any carboxyl groups by random, and every time the sequencing proceeds to a carboxyl group containing residue, part of the peptide pool is released, which can be interpreted as release of phosphoamino acid. Additionally, big peptides are more likely to undergo unspecific chain fragmentation under the Edman degradation conditions than small ones. The larger the peptide, and the more acidic amino acids (Asp or Glu) the peptide contains, the more problematic the peptide is for the Edman sequencing approach. The peptide Gly 338 -Lys 415 is both large (approximately 8 kDa) and acidic (11 Asp and 4 Glu residues), and the problems arising with sequencing are well demonstrated in the sequence analysis of spot c (Fig. 4A) , where the peptide seems to leak radioactivity in almost every cycle. However, from the mass spectrometric analysis, we know that the peptide carries up to 12 phosphates on its 13 potential phosphorylation sites. Furthermore, after CNBr cleavage and trypsin digestion, the C-terminal part of the phosphorylated region, 1 and 3) or wild type Nsp3 (lanes 2 and 4) . The cells were labeled with [ 
FIG. 5. Edman sequencing of phosphopeptides from peptide mapping.
Phosphopeptides a-e (panels A-E) from phosphopeptide mapping (see Fig. 4 , A-D) were eluted to pH 1.9 buffer, coupled to Sequelon-AA membranes and analyzed by successive cycles of Edman degradation. The amount of 32 P label released by each round of sequencing was quantified by phosphoimaging after subtraction of the background.
